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CDK8 (cyclin-dependent kinase 8), along with CycC, Med12, and
Med13, form a repressive module (the Cdk8 module) that prevents
RNA polymerase II (pol II) interactions with Mediator. Here, we
report that the ability of the Cdk8 module to prevent pol II
interactions is independent of the Cdk8-dependent kinase activity.
We use electron microscopy and single-particle reconstruction to
demonstrate that the Cdk8 module forms a distinct structural
entity that binds to the head and middle region of Mediator,
thereby sterically blocking interactions with pol II.

electron microscopy � transcription � protein structure � yeast �
Schizosaccharomyces pombe

The Mediator complex acts as an interface between gene-
specific regulatory proteins and the basal RNA polymerase

II (pol II) transcription machinery (1). Mediator functions as a
key regulator of pol II-dependent genes in Saccharomyces cer-
evisiae (2), and depletion of human Mediator from nuclear
extracts abolishes transcription by pol II (3). The C-terminal
domain of pol II (CTD) has an important role for the Mediator
function (4, 5), and no fewer than nine SRB genes, encoding for
Mediator subunits, were originally identified in a screen for
mutants that suppress the cold-sensitive phenotype of a CTD
truncation mutant (6). In S. cerevisiae and Schizosaccharomyces
pombe, the Mediator complex interacts directly with the unphos-
phorylated CTD and forms a holoenzyme (5). Based on shape
analysis of the low-resolution projection maps, the S. cerevisiae
Mediator structure has been divided into three compact and
visually distinguishable modules: head, middle, and tail domains
of approximately equal mass (7).

The subunit composition of S. cerevisiae Mediator has been
studied in detail, and 21 proteins are bona fide members of the
core Mediator complex (1, 8, 9). In addition, a subgroup of Srb
proteins, Med12�Srb8, Med13�Srb9, Cdk8 (cyclin-dependent
kinase 8)�Srb10, and CycC�Srb11, forms a specific module
(the Cdk8 module) that is variably present in Mediator prep-
arations (10, 11). The smaller, core Mediator (S Mediator)
lacking the Cdk8 module has a stimulatory effect on basal
transcription in vitro (5, 12). The larger form of Mediator (L
Mediator), containing the Cdk8 module, instead represses
basal transcription in vitro, and genetic analysis also indicates
that the Cdk8 module is involved in the negative regulation of
genes in vivo (13).

The Cdk8 module influences pol II interactions with Media-
tor, and only S Mediator can interact with pol II and form a
holoenzyme complex (11). The molecular mechanism by which
the Cdk8 module negatively regulates pol II interactions has not
been clarified, but it has been hypothesized that the negative
effect of the Cdk8 module on eukaryotic transcription is caused
by Cdk8-dependent phosphorylation of CTD. The hyperphos-
phorylated form of CTD would bind less tightly to Mediator,
which may result in dissociation of pol II from the holoenzyme
complex (14, 15).

Here, we use the S. pombe system to investigate the molecular
basis for the distinct functional properties of S and L Mediator.
We find that the Cdk8 module binds to the pol II-binding cleft
of Mediator, where it sterically blocks interactions with the
polymerase. In contrast to earlier assumptions, the Cdk8 kinase
activity is dispensable for negative regulation of pol II interac-
tions with Mediator. It should be noted that the structure and
function of Mediator appears conserved in fungi and metazoan
cells, and to simplify comparisons with other experimental
systems, throughout this study we use the recently proposed
unifying Mediator nomenclature (16).

Results
Electron Microscopy of the S. pombe Mediator and pol II Holoenzyme.
The S Mediator, L Mediator, and pol II holoenzyme are all
large enough for meaningful 3D reconstruction from electron
micrographs of individual particles. We adsorbed the S and L
Mediator preparations to carbon-coated grids before negative
staining and imaging in the electron microscope. Although the
S Mediator preparation contains pol II, the images revealed
only S Mediator devoid of pol II, and we concluded that the
specimen preparation induced a dissociation of holoenzyme
complexes into free S Mediator and pol II (Fig. 1 Bottom). The
free S Mediator particles all existed in a characteristic compact
conformation that was distinctly different from the appearance
of free S. cerevisiae pol II in projection (17), which allowed for
manual selection of 950 S Mediator particles and calculation
of an initial density in EMAN (18). The generated model was
used together with the density of pol II in a supervised
classification scheme (19) to sort the free S Mediator particles
into a homogeneous group before further processing. To
validate the classification, we repeated the procedure using our
final S Mediator density, which resulted in matching only 450
of 2,400 particles in the S Mediator population to pol II.

In the negatively stained L Mediator preparation, Mediator
in complex with the Cdk8 module existed as a fully preserved,
stable complex on the grid (Fig. 1 Middle). For both the S and
L Mediator preparations, we used principal component anal-
ysis and examined the negatively stained single-particle pop-
ulations to obtain information about the angular distribution
so that we could choose a suitable method for 3D reconstruc-
tion (Fig. 5, which is published as supporting information on
the PNAS web site). As noted above, negative stain did not
allow us to observe preserved holoenzyme particles, and we
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therefore prepared vitrified specimens for the pol II holoen-
zyme and recorded images with cryo-electron microscopy. The
cryo-images of the S Mediator preparation showed particles
with a size and shape of the expected preserved holoenzyme
complex (Fig. 1 Top).

To validate the S Mediator, L Mediator, and holoenzyme
structures, we compared projections from the generated 3D
models with the corresponding reference-free class averages. We
found that the reference-free class averages matched the corre-
sponding projections (Fig. 1; see also Fig. 6, which is published
as supporting information on the PNAS web site). The conclu-
sion of an angular continuum for the populations was supported

by principal component analysis (see Supporting Text, which is
published as supporting information on the PNAS web site) and
shown in diagrams over the angular distribution of the two first
Euler angles for all three populations (Fig. 7, which is published
as supporting information on the PNAS web site). The strong
similarity between class averages and projections established the
quality of the initial classification and 3D alignment and dem-
onstrated that the presented 3D structures were trustworthy
representations of the Mediator complex.

The resolution of the S. pombe S Mediator, L Mediator, and
pol II holoenzyme structures was determined by using a fixed 0.5
Fourier shell correlation threshold value. The Fourier shell
correlation was calculated between two models by using one half
of the data set for each in a simple even–odd test (20), which
resulted in a resolution of �25 Å for all of the complexes.

Architecture of the S. pombe Mediator Structures. The free S
Mediator structure possessed two distinct domains of approx-
imately equal mass, with one domain folded toward one side
of the other (Fig. 2A). The structural appearance was similar
to how the middle domain folds toward the head in the
structure of S. cerevisiae core Mediator (7). This interpretation
is supported by the observation that S. pombe Mediator
complexes contain orthologues to components of the S. cer-
evisiae Mediator head and middle region but lack orthologues
to the proteins found in the S. cerevisiae tail region (21). In the
holoenzyme form, S Mediator undergoes a jackknife-like
conformational change to adopt an extended conformation
and make room for the globular density of pol II (Fig. 3). The
behavior is similar to what has been reported for the S.
cerevisiae holoenzyme (7). The conspicuous shape of the
subcomplex Rpb4�7 in the complete pol II structure (17) made
it possible to unambiguously dock the S. cerevisiae polymerase
into the low-resolution S. pombe holoenzyme (Fig. 3 A–C). S
Mediator associates with the face of pol II opposite of the
DNA-binding channel, thus allowing the CTD and the RNA
exit region to be fully accessible to the solvent. Rigid-body
docking of the S Mediator head (Fig. 3E) and middle (Fig. 3F)
domain into the holoenzyme density demonstrated an excel-
lent fit of the assigned regions. The behavior of the head and
middle regions was similar to what was observed in the S.
cerevisiae holoenzyme, and multiple interactions were ob-
served between pol II and both of the S Mediator domains. The
hinge connecting the middle parts of S Mediator with the head
is ill defined in the holoenzyme map, presumably due to the
high f lexibility of the region (Fig. 3C).

The Cdk8 Module Sterically Blocks Mediator Interactions with pol II.
The 3D appearance of the S. pombe L Mediator showed a
striking resemblance to the S Mediator structure (Fig. 2B).
Despite the independence of the 3D reconstructions, we could
readily identify S Mediator as a subcomplex of L Mediator.
The Cdk8 module formed a coherent additional density lo-
cated at the entry of the pol II-binding cleft (Fig. 2 B and C).
Compared with the dramatic changes that the S. pombe S
Mediator has to undergo during formation of the holoenzyme
(Fig. 3), the binding of the Cdk8 module only induced a subtle
conformational change in the head region, as indicated with
arrows in the difference map (Fig. 2C). The Cdk8 module
covers areas of the head and may in this way hinder specific pol
II interactions. This finding is in agreement with reports of
direct interactions between Med13 and the head region pro-
tein Med17 (9). Furthermore, the Cdk8 module places an
extending unit in the pol II-binding pocket, interacting with
both the head and the middle regions and presumably resulting
in an alignment of the middle parts with the head (Fig. 2B).
The Cdk8 module therefore appears to form a molecular lid

Fig. 1. Typical experimental images, projections, and corresponding reference-
free class averages from the Mediator single-particle populations. (Top) Ho-
loenzyme particles are seen frozen in a vitreous ice layer. (Middle) The L
Mediator image shows that Mediator in complex with the Cdk8 module exists
as a fully preserved, stable complex on the grid. (Bottom) The S Mediator–pol
II association is a reversible process; the boxed particles in the S Mediator
image are dissociated, free S Mediator particles. Each pair of signal-enhanced
images compares a reference-free class average (right) with the correspond-
ing projection from the refined 3D reconstruction (left). The pairs reveal
equivalent structural features that indicate that the reconstructions have
reached global minima.
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that covers important pol II-binding surfaces within Mediator
and locks the complex in a closed conformation.

CDK8 Kinase Activity Is Not Required for the Cdk8 Module to Prevent
pol II Interactions. Our structural characterization of L Mediator
suggested that Cdk8 kinase activity is not required to inhibit
interactions between pol II and Mediator. To further investigate
this possibility, we inactivated Cdk8 kinase activity in vivo by
mutation of an aspartate residue to alanine at position 158
(Cdk8mut). The L Mediator was purified from a cdk8mut strain,
and a CTD phosphorylation assay was used to show that the
Cdk8 kinase activity was indeed absent from the mutant prep-
aration (Fig. 4A). The pol II association with Mediator isolated
from the WT and cdk8mut strains was subsequently monitored
with immunoblotting. As expected, pol II did not associate with
L Mediator isolated from the WT cells (Fig. 4B). Notably, pol II
was also absent in L Mediator isolated from the cdk8mut strain.

We conclude that the physical presence of the Cdk8 module is
sufficient to prevent Mediator interactions with pol II, whereas
the Cdk8 kinase activity is dispensable.

Discussion
Structural comparisons of different eukaryotic Mediator com-
plexes are limited to overall 3D shape analysis, because only
low-resolution electron microscopy models are available. Two
distinct conformational states of the yeast Mediator have been
reported: the compact conformation associated to the free
core Mediator particle and the elongated conformation in-
duced by pol II binding (7, 22–25). S. pombe S Mediator lacks
a tail module and therefore appears more compact than the
previously reported structures. Apart from this difference, S.
pombe Mediator behaves similarly to the S. cerevisiae complex
both in its free form, with the head and middle domains closely
folded toward each other to form a deep cleft (Fig. 2), and in
complex with pol II, with S Mediator in its fully elongated
conformation (Fig. 3).

The major interactions observed between S. pombe Medi-
ator and pol II are with the Rpb1 subunit (Fig. 3). The front
lobe of the head region of S Mediator (domain h1) associates
with Rpb1 (light green in Fig. 3) and also with the smaller
Rpb8 subunit (gray). Another part of the head region (domain
h4) stretches toward the region of Rpb1 where the last-ordered
CTD residues (light green atomic surface in Fig. 3) are located.
Together with h3, the h4 domain forms a distinct cleft, and it
is tempting to speculate that this cleft could be a binding
surface for the nearby CTD. Contacts between Rpb1 and
Mediator domains have also been reported for the S. cerevisiae
holoenzyme, in which parts of the Mediator head also contact
the ‘‘wall’’ domain of Rpb2 (7). In contrast to these findings,
we do not observe Mediator interactions with Rpb2 in the S.
pombe holoenzyme structure. Rpb3 and Rpb11 (Fig. 3) inter-
act with the middle domain of S Mediator, which is in
agreement with the findings in S. cerevisiae (7).

The dissociable Cdk8 module is not present in the published
structures of yeast and murine Mediators, but structures of both
a large (23) (TRAP or ARC-L, including the Cdk8 module) and
a smaller (26) (CRSP, not including the Cdk8 module) form of
human Mediator have been published. Whereas S. pombe S and
L Mediator have a simple structural relationship with the
coherent Cdk8 module as the only structural discrepancy, the 3D
appearance of the large and small human Mediator forms
diverge significantly. It is possible that the presence of the Cdk8
module induces a major change in the Mediator tail region,
which cannot be observed in the S. pombe Mediator complex,
because it lacks this region. In addition, there is an additional
subunit in S Mediator, Med26 (Crsp70), that is absent from L
Mediator and therefore may contribute to the dramatic struc-
tural differences observed between the two complexes (24). An
orthologue to Med26 has not been identified in the yeast
Mediator.

Different models have been proposed to explain the repressive
function of the Cdk8 module on Mediator-dependent transcrip-
tion. Cdk8 has been shown to phosphorylate the transcription
factor TFIIH and thereby inhibit phosphorylation of CTD, which
is required for promoter escape (27). Alternatively, Cdk8 has
been shown to directly phosphorylate CTD before formation of
the preinitiation complex and thereby inhibit transcription ini-
tiation (14). The data presented here reveal another mechanism:
The Cdk8 module sterically blocks pol II interactions and may
thereby repress transcription initiation (Fig. 4C). The physical
presence of the Cdk8 module block is sufficient to block pol II
interactions, which explains why the kinase activity of Cdk8 is not
required.

The structure of L Mediator suggests that the Cdk8 module
must be actively displaced before S Mediator may interact with

Fig. 2. 3D reconstructions of S and L Mediator at 25-Å resolution. (A) In the
S Mediator structure, the middle unit (m) folds toward the head (h) and forms
a deep cleft, which is the main site for pol II interactions. (B) Upon association
with the core Mediator, the Cdk8 module interacts primarily with the head,
covering the pol II-binding cleft (indicated). The Cdk8 module forms a con-
tinuous support around large areas of the Mediator head, except for a
submodule binding to the intersection of the head and middle regions,
presumably aligning the middle parts with the head and thus locking the L
Mediator in a distinctly closed conformation. (C) Conformational changes
between S and L Mediator are observed exclusively in the head region, as
indicated with arrows in the difference map (red).
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pol II. This model would be in agreement with previous spec-
ulations that the Cdk8 module plays a general role in transcrip-
tion regulation and that this submodule is present in all nonac-

tivated Mediator complexes. How the Cdk8 module is actively
displaced from L Mediator during the formation of the pol II
holoenzyme remains to be studied.

Fig. 3. Cryoelectron microscopy structure of the S. pombe pol II holoenzyme with the atomic coordinates of S. cerevisiae pol II and the corresponding domains
of the S Mediator density docked. (A and B) The complete S. cerevisiae pol II structure with its subcomplex Rpb4�7 (Protein Data Bank ID code 1WCM) was docked
into the low-resolution S. pombe holoenzyme. The orientation of pol II corresponds to the top (A) or front (B) view as defined in ref. 17. (B shows the Rbp4�7
side view.) (C) To better visualize the conformational change in Mediator, the holoenzyme is depicted in a side view, revealing the head (h) and middle (m)
domains of S Mediator. (D) The free S Mediator (solid structure) has to undergo a jackknife-like conformational change (black arrow) to be able to enfold the
globular density of the pol II core. The truncated CTD of the largest subunit of pol II is represented as an atomic surface in A–D. (E) Rigid-body docking of the
S Mediator head domain (solid structure) into the holoenzyme density (caged structure). Subdomains of the head region (h1–h4) identified in the 3D
reconstructions of both S Mediator and the pol II holoenzyme are indicated. (F) Rigid-body docking as in E but with the S Mediator middle domain. Subdomains
of the middle region (m1–m3) identified in the 3D reconstructions of both S Mediator and the pol II holoenzyme are indicated.
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Materials and Methods
Immunoblot Analyses. Immunoblot analysis for Med17 and Med18
was performed as described in ref. 21. Recombinant S. pombe
Cdk8 (amino acids 2–293) fused to GST was overproduced in
Escherichia coli BL21 (DE3) pLysS cells (Stratagene, La Jolla,
CA) and purified from inclusion bodies as described in ref. 28.
The purified GST-Cdk8 protein was used to immunize rabbits
(AgriSera, Vännäs, Sweden). pol II was detected with the
8WG16 antibody (Santa Cruz Biotechnology, Santa Cruz, CA).

Protein Purification and Identification. S. pombe strains TP33 (h�

�med13::G418R) and TP43 (h� ade6-M216 med7�::TAP) are
described in ref. 11. The TP46 strain (h� ade6-M216
med7�::TAP) was obtained from the same transformation as
TP43. Strain TP161 for purification of the �med13 holoenzyme
(lacking the Cdk8 module) was made by crossing TP46 with
TP33. L Mediator was purified from the TP68 strain (h�

ade6-M216 med13�::TAP). To create the site-directed aspartic-
acid-158-to-alanine mutation in Cdk8 (cdk8mut), overlap exten-
sion PCR was used, and the PCR fragment was cloned into the
pGEM-T Easy Vector System I (Promega, Madison, WI). The
resulting plasmid was digested with ApaLI-NheI before trans-
formation of the JY423 strain (29). The obtained strain, TP192,
was highly flocculent, and this phenotype was used to score the
cdk8 dead kinase mutant allele in further crossings to create
TP313 (h� ade6-M216 cdk8mut med13�::TAP).

For purification of Mediator, 15 liters of S. pombe cells was
grown to OD600 � 3.0–4.0 in yeast extract supplement medium
supplemented with 0.2 g�liter adenine (30). Cells were collected
by centrifugation (JA-10; Beckman Coulter, Fullerton, CA) at
2,500 rpm and 4°C for 7 min , washed once with ice-cold water,
and frozen in liquid nitrogen. Cells were broken in a Freezer�
Mill 6850 (SPEX CertiPrep, Metuchen, NJ) by using the fol-
lowing program: 10 min of precooling and seven cycles with 2
min of beating and 2 min of rest at stringency 14. Broken cells
were suspended in 0.5 ml of buffer A (250 mM KOH-Hepes, pH
7.8�15 mM KCl�1.5 mM MgCl2�0.5 mM EDTA�15% glycerol�

0.5 mM DTT�protease inhibitors) per gram of cell pellet. After
the supernatant was cleared by centrifugation (in the JA-10 at
9,000 rpm and 4°C for 15 min), 1�9 vol of 2 M KCl was added
and stirred for 15 min. After ultracentrifugation (Ti45, Beckman
Coulter) at 42,000 rpm and 4°C for 25 min, 500 �l of IgG beads
(1 ml of slurry) (GE Healthcare, Uppsala, Sweden) was added
and incubated for 1 h at 4°C. IgG beads were collected by
centrifugation (JA-17, Beckman Coulter) at 1,000 rpm and 4°C
for 2 min, loaded into a column, and washed with 30 ml of IgG
buffer (10 mM Tris�HCl�150 mM KOAc or 150 mM NaCl, pH
8.0). After washing with 25 ml of tobacco etch virus (TEV)
protease cleavage buffer (10 mM Tris�HCl�150 mM NaCl�1 mM
DTT�0.5 mM EDTA�0.05% Nonidet P-40, pH 8.0), Mediator
was eluted by incubation for 1 h at 16°C with 250 units of TEV
protease in 2 ml of TEV buffer.

Cdk8 Kinase Assay and in Vitro Transcription. The Cdk8 CTD kinase
assay was performed as described in ref. 31 with S. pombe pol II
as the substrate.

Specimen Preparation and Single-Particle Processing. Negatively
stained grids were prepared by applying aliquots of the individual
S and L Mediator protein preparations (4 �l with an estimated
concentration of 0.1 �g��l) to carbon-coated copper grids that were
glow-discharged to facilitate adhesion of the molecules and aid
staining by making the film more hydrophilic. Approximately 1 min
after adsorption, the excess buffer was blotted, and two washes with
water for 25 s were followed by one wash with 1% uranyl acetate
for 40 s. Vitrified specimen for cryo-electron microscopy of the
holoenzyme preparation was prepared by applying aliquots of the
solution (3 �l with an estimated concentration of 0.1 �g��l) to
glow-discharged copper grids coated with a thin, holey carbon film
(Quantifoil, Jena, Germany) that was subsequently plunge-frozen
with a Vitrobot environment control unit (FEI, Eindhoven, The
Netherlands) in liquid ethane. Samples were imaged under low-
dose conditions by using a CM 120 transmission electron micro-
scope (FEI) fitted with a LaB6 filament and operating at an
acceleration voltage of 120 kV. Image data for the stained S and L
Mediator preparations were collected at a magnification of �63,000
by using a 1,024 � 1,024-pixel CCD camera (TVIPS, Gauting,
Germany), and cryo data for the holoenzyme preparation were
recorded onto SO-163 film (Kodak, Rochester, NY) at a magnifi-
cation of �60,000. The particles were initially picked out by hand
and selected according to the molecular mass of the molecules,
assuming a density of 0.83 Da�Å3 and a spherical form. Defocus for
the stained populations was held approximately constant at �1 �m,
and the images were low-pass filtered to the first zero crossing of the
contrast transfer function (CTF). Defocus of the holoenzyme
images varied from �0.5 to �3.5 �m to avoid systematic loss of
information due to the CTF. Boxing and CTF phase correction of
the 4,000 holoenzyme images were performed in the EMAN suite
of programs (18). The individual single-particle populations were
classified into �120 classes representing distinctly different views of
the particles (Fig. 6), and initial 3D reconstruction from untilted
images of the particles was performed in EMAN (18) without using
CTF amplitude correction in the refinement loop. Several models
were selected for further processing and used as starting points for
model-based optimization of the shift and rotational parameters
assigned to each particle image. Images of S Mediator (2,400
images) and L Mediator (2,800 images) were realigned in Strul (32);
the Euler angles and origin shifts were determined through a
common-line-based correlation search over the entire Euler angle
space, with the EMAN reconstructions as references. The final 3D
Coulomb potential maps were calculated by using Spider and
weighted back projection (20). Surface rendering of the final
density maps was carried out with O (33). MolRay (34) was used to
create files for ray tracing with POV-Ray. Mesh representations of
the structures were generated in UCSF Chimera. Docking was
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carried out manually in O, and difference maps were calculated by
scaling the maps to the same voxel range and subtracting the
appropriate density. The manual docking of the atomic coordinates
of pol II into the holoenzyme density was refined in Situs (35).
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